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New constraints on the volume dependence of the Gru¨neisen parameter (g(V)) are
derived from a comparison of earlier shock wave data with more recent ultrasonic data
for the bulk modulusK0 and its pressure derivativeK08 in the frame of a rigorous
Mie–Grüneisen model. This model uses a specially ‘‘Modified pseudo-Debye–Einstein
model’’ for an accurate representation of the thermal energy and pressure. Within this
framework, previous discrepancies between shock wave and static data concerning the
equations of state for various reference materials~like Cu, Ag, and Au! are resolved, the
corresponding pressure scale is refined, and the uncertainties in this scale are estimated.
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1. Introduction

One basic problem in solid state physics, geosciences,
even in planetology, is the precise thermodynamic charac
ization of the materials present in objects. A first step in t
direction involves equations of state~EOS!, most commonly
in the form of a pressure–volume–temperature~pVT! rela-
tion. More generally, adiabatic pressure–volume–entr
~pVS! relations or caloric data for the internal energy,U
5U(p,T), are needed also in many cases. It is clear fr
basic thermodynamics that two of these relations,1–3 like the
‘‘thermal EOS’’ V5V(p,T), and the ‘‘caloric EOS’’ U
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
nd
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5U(p,T), determine completely the corresponding thermod
namic potentials, i.e., the internal energyU5U(S,T), the
~Helmholtz! free energyF5F(V,T), the Gibbs potentialG
5G(p,T), and the enthalpyH5H(p,S) with respect to
their ‘‘canonic’’ thermodynamic state variables given here
brackets.

The general problems involved in experimental determi
tions of EOS were reviewed recently.4,5 It should be recalled
here that various more or less semiempirical forms exist
the analytical representation of isothermsV5VT(p), or adia-
bats V5VS(p) and for the inverted formsp5pT(V) or p
5pS(V). For the representation of shock wave results, s
cial forms for Hugoniot datap5pH(V) have been derived.

For the complete description of the correspondingp(V,T)
or p(V,S) surfaces,T or S dependent parameters like th
isothermal bulk modulusKT52V•]p/]VuT , and its isother-
mal pressure derivatives, like KT85]K/]puT

52] ln K/]ln VuT and KT95]2K/]p2uT52(1/KT)
•]KT8 /] ln VuT , or the corresponding adiabatic quantitiesKS ,
KS8 , andKS9 are commonly used. However, extrapolations
the resulting relations beyond the range of experimental d
are usually dangerous, if the relations are not based on
orous theoretical models.

Therefore, rigorous models for the ‘‘cold’’ EOSpc(V),
related to the ground state energy of the solidEc(V), are
commonly established, in a first step. In the second s
some models are used for the thermal pressure5–9

pth~V,T!5p~V,T!2pc~V!5g tb~V,T!•U th~V,T!/V
~1!

to relate pth to the thermal energy,U th , by the use of a
‘‘thermobaric’’ Grüneisen parameter,g tb , defined by this re-
lation. In the simplest case, usually called ‘‘Mie–Gru¨neisen
solid,’’ it is assumed thatU th5u•u(t) with t5T/u. The
volume dependence ofU th is represented only through th
characteristic temperatureu(V) with its Mie–Grüneisen pa-
rameter

gu~V!52dlnu/dlnV, ~2!

which is equal tog tb within the Mie–Grüneisen approxima-
tion.

So far, the functional form ofu(t) is completely free and
the use of a Debye model foru(t) involves rather rigorous
assumptions, which can be avoided by far more flexi
pseudo-Debye models.7

On the level of a rigorous Mie–Gru¨neisen approach with a
pseudo-Debye model for the lattice heat capacity, one
determine the thermal phonon energy and entropy, the fu
tional form foru(t), and the value foru at ambient pressure
u0 from data for the heat capacity at ambient press
Cp0(T) or Cv0(T). Only the volume dependence of th
Grüneisen parametergu(V) remains to be determined.

The thermodynamic definition of the Gru¨neisen paramete

g th~V,T!5a•KT•V/CV5a•KS•V/Cp , ~3!

on the other hand, relates the thermal volume expansion
efficienta, the bulk modulusKT or KS, the~specific! volume
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V, and the~specific! heat capacityCV or Cp to each other in
such a way that an almost temperature independent
g th is obtained. From microscopic models, some tempera
dependence of thisg th can result from a dispersio
of the ‘‘mode Grüneisen parameters’’ g i ,k

52d ln ni,k /d ln V, whereby i and k denote the different
branchesi and vectorsk of the phonon dispersion curves.9

This temperature dependence ofg th usually leads only to
minor modifications of the thermal pressurepth(V,T) at low
temperatures (T!u), which can be neglected in the follow
ing discussion. At high temperatures (T.u) on the other
hand, intrinsic anharmonicities7,10,11 lead to a temperature
dependence ofg th , which can be taken into account in fir
order with an anharmonicity parameterAa and with dA

52dAa /d ln V in the forms

U th53Nku~V!•u~t!•~11Aa•~2t•u8~t!2u~t!!

and

g th5gu•~122dA•u~t!!. ~4!

The usual Mie–Gru¨neisen approximation, however, corr
sponds to]g th /]TuV50 or dA50 with a single g5g th

5g tb5gu . Later discussions of the experimental data
Cu, Ag, and Au will show that the EOS data are fitted re
sonably within this simple Mie–Gru¨neisen approximation
only at moderate temperatures, but anharmonic contribut
with dAÞ0 are required for an accurate representation of
EOS data at higher temperatures (T.u).

2. Constraints on g„V…

For a decision about the most reasonable form forg(V)
one has to consider in detail the available theoretical
experimental constraints. First, and in general, accurate
perimental data forg0 , the value for ambient conditions, ca
be found in the literature12 or by the use of more recent da
for a0 , K0 , V0 , andCv0 . Second, in a recent discussion
the EOS data for Cu it was also shown5 that data on the
temperature dependence of the isothermal bulk modulu
ambient pressureK0(T) can be used to estimate the norm
ized volume derivative ofg at ambient conditions,Gg0

5] ln g/]ln VuT,p50, with an uncertainty of typically 20%.
A third constraint is given usually byg` , the value ofg at

very strong compression. Theoretical considerations of a
tice of positive ions in a degenerate electron gas13–17predict
a value ofg`51/2, whereas the value for a degenerate el
tron gas isg`52/3. Often this last value is favored fo
solids8,18–27probably due to the fact that the linear tempe
ture dependence of the electronic specific heat of the de
erate free electron gas will dominate over the phonon con
bution when the Debye temperature is increased sufficien
With reasonable values for the initial Fermi energy, for t
initial Debye temperature, for the Gru¨neisen parameter, an
for the initial reference temperature,TR(,1000 K), one can
estimate that this crossover occurs at more than tenfold c
pression. Within a rigorous Mie–Gru¨neisen model the elec
tronic g`52/3 should then be adopted for this range.
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In addition to these three constraints ong(V), shock wave
data are often used with ‘‘iterative procedures’’6,8,22–27 to
obtain a best fit of both the cold EOS and some empiri
form for g(V) with respect to the Hugoniot pressure of th
shock wave data.

However, instead of going through an iterative procedu
a further constraint forg(V) can be derived more directly
from shock wave data for ‘‘regular’’ solids~i.e., for solids
without any structural phase transitions or electronic tran
tions in the region of interest!. In fact, it is well known6,28

that many ‘‘regular’’ solids show regular linear relations b
tween shock wave velocitiesus and particle velocitiesup

with the implication1,6,29–32that the corresponding Hugonio
pressurepH is represented with respect to the relative v
umev5V/V0 by the relation~previously5 also named MS2!

pH5KH0•~12v !/~12c•~12v !!2, ~5!

with KH0 andc as free parameters determined, respective
from the initial value and the slope of the linearus–up rela-
tion. If the linear us–up relation holds perfectly down to
ambient pressure, the parametersKH0 and KH08 54•c21
could be related to the isothermal valuesKT0 andKT08 . How-
ever, small initial nonlinearities in theus–up relations28 to-
gether with problems related to the Hugoniot elastic limit
moderate shock compressions33 restrict the precision in this
extrapolation at low pressures.

Nevertheless, linear extrapolations of theus–up relations
towards strong compression point to another special fea
of Eq. ~5!. At the critical volumeVc or at the critical volume
ratio vc5Vc /V05(c21)/c, the Hugoniot pressure
pH(Vc)⇒` diverges.6 This divergence implies that stron
shocks in this region lead only to stronger heating and t
divergence of the thermal pressurepth(Vc), whereas the cold
pressure for this critical compression remains finite.

The well-known Hugoniot relations between the measu
velocitiesus–up and the deduced values for the shock pr
sure (pH) on the one hand and for the internal energy (UH)
on the other hand both at the final state volume (V) can then
be used1,6,31,32with

pH5pc~V!1pth~V,T!, UH~V,T!5Ec~V!1U th~V,T!,

and

pth5~g/V!•U th

to derive a rigorous relation forgH

gH~V!5V•
pH~V!2pc~V!

UH~V!2Ec~V!
. ~6!

In the limit of V→Vc , as discussed before,pH and UH

dominate overpc andEc , respectively, and one obtains6

gc52•~c21!52•vc /~12vc!. ~7!

In other words, independent of the special form forpc(V),
linearus–up relations give one additional constraint forg by
the valuegc at the critical volumeVc . One may object that
this value ofgc is obtained by extrapolation. However, th
extrapolation is not so critical, since the experimental valu
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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for the volume in the shocked state already come close toVc

and the extrapolation ing→gc is rather smooth in Eq.~6!.
To gain more insight into the approach ofg→gc , one can
also calculate directly the variation ofg(V) from the form
Eq. ~6! with UH5(V02V)•pH/2 and pH(V) from Eq. ~5!
together with different forms forpc(V) andEc(V). For the
sake of simplicity, just two similar forms forpc(V) are used
in the further discussion.

The form

p53•K0•~12x!•x2n
•exp~c2n•~12x!! ~8!

with x5v1/35(V/V0)1/3 andc2n5(3/2)•K082n11/2 can be
considered to result from a nearest neighbor interaction b
‘‘effective’’ Rydberg potential, whenn52 is selected, and
therefore it is called ER2 forn52. Previously, this form with
n52 was called ‘‘universal’’ EOS34 also somewhat more
systematically MV2, when it was shown35 that only the ex-
ponent n55 results in the correct asymptotic behavior
very strong compression. Withn55 this form was named
H02. In both cases,Ec(V) can be obtained by integratin
pc(v)dv. The results with respect to the evaluation of t
shock wave data for Cu, Ag, and Au are shown in Figs. 1
for different parameter sets. First of all, the parameterc was
derived from shock wave data,28 discarding data forv
,0.7, which could be effected by melting and electron

FIG. 1. Determination ofg f from shock wave data for Cu. For details se
text.

FIG. 2. Determination ofg f from shock wave data for Ag. For details se
text.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
n
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excitations.6 In this way the average values forc with esti-
mated errors were obtained, but only the corresponding
uesKH08 54•c21 are given in Table 1, to allow for a direc
comparison with values for the isothermalK08 as most rea-
sonable average values, which were derived from ultraso
data.7,35–47 For the curves labeled ER2 and H02, respe
tively, equal values for the isothermal and Hugoniot valu
K05KH0 , in Eqs. ~6! and ~8! were used. Due to the sligh
curvature of theus–up relations nearv⇒1 and the corre-
spondingly different values forKH0 from linear high-
pressure extrapolations, an upper estimate for the ratr
5KH0 /K051.08 was introduced for the curves ER2r and
H02r in all three cases. Figures 1–3 show clearly that
critical valuesgc represent lower limits and more reliab
fiducial valuesg f may be obtained at somewhat larger vo

FIG. 3. Determination ofg f from shock wave data for Au. For details se
text.

TABLE 1. Primary data for the determination of the present EOS form
These data include estimated uncertainties for the ‘‘best’’ values from
literature.

TR5300 K Cu Ag Au Ref.

V0R /nm3 0.011815~1! 0.017057~1! 0.016959~1! a
K0R /GPa 133.2~2! 101.0~2! 166.7~2! b

K0R8 5.40~15! 6.15~15! 6.20~15! c
KH08 5.0~2! 5.6~3! 5.6~3! d

uD0 /K 342~2! 228~3! 165~3! e
g0 2.00~10! 2.45~10! 3.05~10! f
Gg0 1.40~5! 1.70~5! 2.40~5! g
f 1 0.54 0.50 0.50 h
f 2 0.86 0.90 1.10 h
Aa 0.005~2! 0.001~2! 0.001~2! h
dA 0.030~5! 0.030~1! 0.032~3! i

uDav /uD0 1.12~5! 1.13~5! 1.29~5! h

aSee Wyckhoff.54

bUltrasonic data, see Refs. 36–45.
cUltrasonic data, see Refs. 43–45.
dShock wave data, see Refs. 23, 28, 58–60, 62, 64, 67, 68.
eGschneidner.12

fFrom Refs. 12, 23, 43 and reevaluation with additional data forV0 , K0 ,
a0 , Cp from Refs. 55–57.

gPresent fit ofV0(T) data~Refs. 55 and 56! andK0(T) data~Refs. 39, 44,
45! with MoDE2 ansatz.

hPresent fit ofCp(T) data~Refs. 56 and 57! with MoDE2 ansatz.
iFrom a recent fit11 of g th0(T) data with MoDE2-ansatz.
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umes. Best estimates ofgH(v f) for v f,0.5 are shown in
Figs. 1–3, whereby a polynomial expansion with respec
d5(v f /vc)21 in the form

gH~d!5
2•vc

12vc
•S 11

d

12vc
~12a•d!2D ~9!

with a538(2)(12vc)
2vc

2 gives reasonable values for a
three cases. The total uncertainty ingH(v f) can be estimated
by upper and lower bounds onvc in each case together wit
upper and lower bounds fora with its prefactor 38~2!. The
best fiducial valueg f may be obtained now ford'0.15 or
for v f50.5 just at the upper end of the experimental reg
of the shock wave data, where electronic excitations are
negligible and where the divergence of the different curve
still rather small. The total uncertainty in this best fiduc
valueg f at v f50.5 is then expected to be less than 10%
illustrated in Figs. 1–3 by the corresponding error bars.

With these constraints ong(V), now one can test variou
analytical forms or ‘‘theoretical’’ results present in the liter
ture in comparison to some form, which appears to be m
appropriate for the tabulation of EOS data for reference m
terials.

3. The Volume Dependence of g

Many earlier discussions on the volume dependence og
were related to the Debye approximation for the phon

FIG. 4. Comparison of different forms forg(v) of Cu. For details see text

FIG. 5. Comparison of different forms forg(v) of Ag. For details see text.
o
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dispersions.1,6,31,48–51With different assumptions about th
volume dependence of Poisson’s ratio and with a ‘‘free v
ume theory,’’ respectively, three different forms forg were
derived by Slater,48 Dugdale-MacDonald,49 and
Vashchenko-Zubarev.50 The original form from Slater

gSL5K8~v !/221/6 ~10!

was modified in the later approaches by the subtraction
the term

«5m•~K2K8•p!/~3•K22•m•p! ~11!

with49 m51 or50,51 m52, respectively. Since no universa
value of m can fit the experimental data forg at ambient
conditions,6,43 one may considerm as an adjustable param
eter with respect to the value ofg0 . This kind of generalized
Slater form

gBS5K8/221/62m•~K2K8•p!/~3•K22•m•p!,
~12!

with m53•K08/221/223•g0 is labeled in Figs. 4–6 with
gBS, since it had been shown that this form with noninteg
value form can be derived from central force models, wh
correlations of the motions for neighboring atoms are tak
into account.52,53In fact, this Barton–Stacey formgBS shows
some interesting features, which are illustrated in Figs. 4
where the other forms form50, 1, and 2 with the labels SL
DM, and VZ, respectively, are also presented for compa
son.

All these forms can be derived for strong compressio
only if the correspondingp(v) relation, with its derivatives
K(v) andK8(v), is also known. In Figs. 4–6 only theinter-
polating EOS form AP2 for~regular! solids under strong
compression5 is used with the appropriate parametersV0 ,
K0 ,K08 , andZ for Cu, Ag, and Au from Table 1, recalling
that this form AP2 is given5 by

p53•K0•
12x

x25 •ec0~12x!
•~11c2•x•~12x!!, ~13!

with

x5~V/V0!1/3 c25~3/2!•~K0823!2c0

c052 ln~3•K0 /pFG0!

FIG. 6. Comparison of different forms forg(v) of Au. For details see text.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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and

pFG05aFG•~Z/V0!5/3.

With respect to the previously used form H02 given
Eq. ~8!, the form AP2 is modified in such a way that th
correct Thomas–Fermi limit is obtained at very strong co
pressions. For this purpose,c0 involves the effective Ferm
gas pressure for ambient conditionspFG0, which contains the
universal parameteraFG523.37 MPa nm5 for the Fermi gas.

With this form AP2 as well as for the form H02,gBS ap-
proaches for any value ofm the same valueg`52/3 at very
strong compression. However, the adjustable parametem
effects the~normallized! slope ofg at ambient conditions by
its correlation to the experimental value forg0 , and one
obtains

GgBS05~23•K0•K092~3•K082126•g0!

3~2•g011/3!!/~6•g0!. ~14!

The experimental values for the slopeGg0 at v51 from
Table 1 are represented in Figs. 4–6 by the slopes of
curves labeledgSC, which include all the experimental an
theoretical constraints, to be discussed later, and which
considered to represent the ‘‘best fit’’ to all the availab
data. As one can see in Figs. 4–6 the slopes ofgBS at v
51 for the EOS form AP2 come very close to the expe
mental data in the cases of Ag and Au. In the case of Cu,
4 shows a significant difference in the slope of the curvegBS

with respect togSC at v51. The other Slater type form
gSL ,gDM ,gVZ show their specific deviations from the expe
mental value at ambient conditions but converge all to
same value atv50, if the same EOS form AP2 is used in a
three cases. However, the constraint onGg0 incorporated into
gBS may be regarded as somewhat rigorous and reason
only for ‘‘reasonable’’ EOS forms. On the other hand, o
can consider some of this discrepancy with respect togBS in
the case of Cu also as a hint, which indicates that the exp
mental value forGg0 given in Table 1 may be slightly too
large in this case. On the other hand, the estimates forGgBS0

based on the slopes ofgBS given in Table 2 represent onl
the average values derived from the forms AP2 and H
with an ‘‘error estimate’’ giving the maximum deviatio
from these average values and not a true error estimat

TABLE 2. Fiducial valuesg f derived from theKH08 values of Table 1 and
comparison with calculated values forgBSf and GgBS0 as discussed in the
text. Additional secondary parameters,Vr , vd , A, B, Dg` , anduDav /uD0

are given for a convenient representation of the EOS data.

TR5300 K Cu Ag Au

GgBS0 1.07~14! 1.46~13! 2.24~8!
gBSf 1.36~3! 1.57~3! 1.67~3!
g f 1.36~13! 1.64~16! 1.64~16!
Vr 1.41~1! 1.35~1! 1.35~1!
vd 1.42 1.32 1.31
A 0.50 0.43 0.70
B 0.62 1.12 0.78

Dg` 0.51 0.78 0.65
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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comparison with the experimental data in Table 1 shows
only the value 1.07 for Cu in Table 2 is significantly small
than the lower limit for the experimental value. However, t
total uncertainties of the ‘‘experimental’’ values forGg0 in
Table 1 are also not well known, since these values are
rived by best fits ofV0(T), K0(T), and K08(T) under the
assumption that the extended Mie–Gru¨neisen model withAa

anddAÞ0, discussed in detail later, is a good approximatio
On the other hand, one can notice in Figs. 4 and 6 thatgBS

for AP2 passes almost exactly through the reference va
g f , but in the case of Ag~Fig. 5!, one can see a sma
difference betweengBS and g f . These differences betwee
gSC and gBS ~based on AP2! could either be used as est
mates for the uncertainties still involved in the evaluation
g(v), or they can be used to define a correction term«(m,p)
for gBS for instance in the form of a series expansion
«(m,p) aroundv50 or 1 using the previous constraints fo
g0 , Gg0 , g` , andg f . However, this approach leads to u
reasonable variations, and it is clear that these unreason
anomalies can be traced back to the fact that all these fo
for any m take into account primarily mode Gru¨neisen pa-
rameters for the long wavelength phonons, which must
verge forv→v r like K8(v), wherebyv r represents the ex
trapolated ‘‘rupture volume’’ for whichK(v r)50. In fact, all
the other mode Gru¨neisen parameters may behave mo
regularly nearv r , and therefore the factor 1/2 in front o
K8(v) could be adjusted to a smaller value to give
smoother variation in«(v). Tests along this line lead to th
observation that such a prefactor forK8(v) becomes quite
small, equal to 0.15 for Cu and 0.08 for Au, or even neg
tive, depending on the other constraints. This means that
form of K8(v) seems to imply unreasonable constraints
g(v). If one wants to keep in the expansion ofg(v) for v
→v r at least one term which qualitatively reproduces t
divergence ofK8(v) at v→v r , one may use a simpler form
with prefixedv r and the adjustable parametersg` , g0 , b1 ,
andb2 as given by the relation

gVR5g`1b1•v/~v r2v !1b2•v1b3•v•~12v !,
~15!

with

b15~4•g f2g`23•g01g0•Gg0!~2•v r21!~v r21!2,

b25g02g`2b1 /~v r21!,

and

b35g02g`2g0•Gg01b1 /~v r21!2.

A similar form with b350 and a free parameterva instead of
the prefixed rupture volumev r can be found in the
literature,15 however, without the linear term inv. With the
linear term and the previous constraints one obtains the
lowing form:

gVA5g`1ba•v/~va2v !1~g02g`2ba /~va21!!•v,
~16!

with
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521521EQUATIONS OF STATE FOR CU, AG, AND AU
va511~g01g`22•g f !/~4•g f2g`2g0•~32Gg0!!,

and

ba5~g0•Gg01g`2g0!•~va21!2.

In fact, the behavior of this form is very similar to anoth
recently considered form24 from the point of view that the
fitted value ofva may fall into the range 0,va,1 with the
effect thatgVA may show unreasonable divergencies in
‘‘experimental’’ region. Therefore,gVA is not taken into ac-
count any further.

Some other forms ofg(v) for applications over extende
pressure and temperature ranges including both the solid
the fluid phases avoid the singularity expected in the reg
v.1, where the solids become unstable, but keep a m
mum at the corresponding volume. One of these forms24

gBL5g`1~g02g`!•v•~11vBL
2 !/~v21vBL

2 !

allows one to adjust onlyvBL
2 to one additional constraint

either tog f or to the slopeGg0 .
Some other common forms23 like

gAB5g`1~g02g`!•vq

or17,19

gTL5g0•v1g`•~12v !n

will not be discussed in further detail here, since these fo
appear to be more suitable for cases where the experim
information is more limited either with respect toGg0 , g f ,
or g` ~for instance due to phase transitions!.

However, one other form seems to be interesting, sinc
follows within the regionv.1/2 the variation represented b
gVR , very closely, but analytically it is much simpler

gmc5A/~vd2v !1B, ~17!

with

A5~g02B!•~vd21!,

B5g0•~12Gg0•~vd21!!,

vd511
g02g f

g0•Gg022•~g02g f !
,

and

Dg`5A/vd1B2g` ,

which is significantly different from zero for Cu, Ag, and A
as shown in Table 2.

Therefore, this form is reasonable only for moderate co
pression and only forvd.1, or in other terms forGg0.2
•(12g f /g0), which holds at least for Cu, Ag, and Au. Th
form gmc can easily be integrated in closed form to give t
very useful relation

lnS umc

u0
D5S A

vd
D • lnS vd2v

vd21D2~g`1Dg`!• ln~v !.

~18!
e

nd
n
i-

s
tal

it

-

gmc can be extended also to strong compression by an a
tional term, which maintains all the previous constraints a
adds a linear approach towardsg`

gsc5gmc1Dg`•~2v21!~12v !2, ~19!

with

ln~usc/u0!5 ln~umc/u0!1Dg`

•~ ln~v !1~13211•v14•v2!~12v !/6!.

In fact, this form needs only experimental data and no
trapolation of any EOS as, for instance, all the forms rela
to Slater’s approach and alsogVR , which requires an ex-
trapolation to obtainv r . In any case, it is interesting to not
that the input dataK0 andK08 from Table 1 for Cu, Ag, and
Au result with any of the EOS forms AP2, H02, and ER2 f
v r the values in Table 2, which are quite close to the valu
vd derived from the independent input datag0 , Gg0 , andg f

~based on c!. For the practical use of Eqs.~18! or ~19! Table
2 gives then the secondary parametersA, B, vd , andDg` .

4. Discussion of g„V… for Cu, Ag, and Au

First of all, Figs. 7–9 illustrate that the formsgmc, gsc,
andgVR represent very similar variations within the ‘‘exper

FIG. 7. Most likely variation ofg(v) for Cu given bygSC with probable
uncertainties. For comparison,gmc , as well asgVR , are also shown.

FIG. 8. Most likely variation ofg(v) for Ag given by gSC with probable
uncertainties. For comparison,gmc , as well asgVR , are also shown.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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522522 HOLZAPFEL, HARTWIG, AND SIEVERS
mental’’ region 0.5,v<1. Only for extrapolations to
smaller values ofv may one usegsc or gVR . Again, in this
region, both of these forms result in very similar variatio
with respect to the estimated uncertainties. It should
noted, however, thatgsc uses only the experimental inpu
data from Table 1 and no extrapolated values likegVR with
its predetermined value for the ‘‘rupture volume’’v r . Due to
this fact, the curvesgsc will be used from now on as ‘‘bes
references’’ together with the corresponding upper and lo
limits denoted by error bars and derived from the upper
lower limits for g` , g f , andg0 , respectively. Thereby, the
value for Gg0 was kept fixed, because the combined unc
tainties ofg f and g0 cover already the region of the add
tional uncertainty inGg0 . For the uncertainty ofg`61/6
was used for the uncertainty to include on the one hand
lower limit 1/2 given at various places in the literature.13–17

On the other hand, the upper limit 5/6 was selected so
what arbitrarily to allow for a linear increase ofg with x
5v1/3 for v!0.1, typical for all the Slater type curves an
also derived in some theoretical studies.17

On the basis of this best estimategsc with its ‘‘experimen-
tal’’ uncertainties~denoted by error bars in Figs. 10–12! one
can see that the use of different EOS forms in the evalua
of the Barton–Stacey formgBS given by Eq.~12! leads to

FIG. 9. Most likely variation ofg(v) for Au given by gSC with probable
uncertainties. For comparison,gmc , as well asgVR , are also shown.

FIG. 10. Comparison ofgBS values evaluated from different EOS form
discussed in the text with respect to the best fitgSC and its likely uncertain-
ties for Cu.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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some interesting features. First of all, both the EOS for
AP2 and H02 give very similar curves and approach
expected value at very strong compression. Since th
curves, like all the other Barton–Stacey curves, have b
adjusted only to fitg0 , small deviations in the initial slope
Gg0 and with respect to the fixed pointg f have to be ex-
pected. The second order Birch~BE2! and Vinet~ER2! type
EOS forms,5 on the other hand, lead to divergences und
strong compression, which result in significant deviatio
from a reasonable variation already at moderate comp
sion, especially in the case BE2 for Cu, Fig. 10.

This means, that the Barton–Stacey form gives some
ther support to the previous conclusion5 that both these forms
BE2 and ER2 as well as their higher order modifications
not suitable for extrapolations concerning the behavior
‘‘regular’’ solids under strong compression.

Since the Barton–Stacey form uses as input parame
the temperature dependent values forK0(T), K08(T), and
g0(T) @see Eq.~12!#, one might expect that the resultin
form gBS(v) also depends on temperature, in contrast to
Mie–Grüneisen assumption]g/]Tuv50. To avoid this prob-
lem, one could argue thatgBS should always be evaluate
from the corresponding EOS form for the static lattice ca
If one evaluates, however, the temperature dependenc

FIG. 11. Comparison ofgBS values evaluated from different EOS form
discussed in the text with respect to the best fitgSC and its likely uncertain-
ties for Ag.

FIG. 12. Comparison ofgBS values evaluated from different EOS form
discussed in the text with respect to the best fitgSC and its likely uncertain-
ties for Au.
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523523EQUATIONS OF STATE FOR CU, AG, AND AU
gBS from different isotherms represented by the form A
with temperature dependent input parametersV0(T), K0(T),
and K08(T), one finds that the effects of temperature wou
be noticeable only when the accuracy forg is better than
0.2% over the whole range of 0,v,1.05.

A comparison of the original Hugoniot datapH(v) with
different forms for the isotherms~at ambient temperature!
can be performed now with the error estimates for both
original Hugoniot data29,30,58–60,62–65,67–68and the resulting
uncertainties for the calculated isothermal valuespT(v) as
illustrated in the Figs. 13–15 for Cu, Ag, and Au, respe
tively, in the form of an APL-scaling, introduced earlier5,33

to represent EOS data in such a way that a linear variatio
obtained for ‘‘simple’’ solids and the approach toward t
Fermi gas limit is shown byh(0)50 with69

h5 ln~p/pFG!2 ln~12x! ~20!

FIG. 13. APL scalinghH , hT , andhAP2 for Cu based on of the Hugonio
datapH , the derived isothermal pressurespT and the isothermal datapAP2 ,
respectively. The isothermal pressure forpAP2 , represents thereby the form
AP2 with ultrasonic data forK0 and K08 . The isothermal valueKT0 at
ambient conditions is marked by the solid dot. The error limits forpH and
pT are indicated by error bars and forpAP2 almost by the sizes of the dots
respectively.

FIG. 14. APL scalinghH , hT , andhAP2 for Ag based on of the Hugonio
datapH , the derived isothermal pressurespT , and the isothermal datapAP2 ,
respectively. The isothermal pressure forpAP2 represents thereby the form
AP2 with ultrasonic data forK0 and K08 . The isothermal valueKT0

at
ambient conditions is marked by the solid dot. The error limits forpH and
pT are indicated by error bars and forpAP2 almost by the sizes of the dots
respectively.
e

-

is

with x5(V/V0)1/3, pFG5pFG0/x5, and pFG0 as given in
Eq. ~13!. If one usepAP2 from Eq.~13! for p in this form, one
obtains

hAP252c0•x1 ln~11c2•x•~12x!!, ~21!

which gives just a linear variation for ‘‘simple’’ solids de
fined by c250. Since DU th5pH•DV/22DEc can be ob-
tained from the Hugoniot datapH and from DEc

5*v0

v pc(V)dV, as discussed in Sec. 1, the use of the pres

best fits forgsc together with the estimated uncertainties r
sults on the other hand in the curves labeledpT , which rep-
resent the best estimates for the shock wave based ‘‘exp
mental’’ isotherms.

As seen in Figs. 13–15, the form AP2 withK0 and K08
from ultrasonic measurements near ambient conditions
perfectly into the ‘‘experimental’’ region determined from
the shock wave data. The other EOS forms included in
expanded views given in Figs. 16–18 show usually lar
deviations from the best estimatepT . The form BE2 shows a
tendency to result in higher values~larger pressures! at
strong compression, whereas ER2 shows in these case

FIG. 15. APL scalinghH , hT , andhAP2 for Au based on of the Hugoniot
datapH , the derived isothermal pressurespT , and the isothermal datapAP2 ,
respectively. The isothermal pressure forpAP2 represents thereby the form
AP2 with ultrasonic data forK0 and K08 . The isothermal valueKT0

at
ambient conditions is marked by the solid dot. The error limits forpH and
pT are indicated by error bars and forpAP2 almost by the sizes of the dots
respectively.

FIG. 16. APL scaling of the isothermal datapT derived from the Hugoniot
pressurepH as discussed in the text in comparison with various isother
derived from the ultrasonic data~K0 and K08! by the use of different EOS
forms for Cu.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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524524 HOLZAPFEL, HARTWIG, AND SIEVERS
same curvature as AP2 but with a tendency to give too sm
values under strong compression. In fact, these deviat
are similar to the deviations shown already in Figs. 10–
with respect to the corresponding values forgBS.

Therefore, one may come to the conclusion that the ev
ation of isotherms from the shock wave data with the pres
best form forg(v) leads to EOS data for Cu, Ag, and Au
which are best represented by the form AP2 when ultraso
data are used forK0 andK08 .

5. Thermal Effects for Cu, Ag, and Au

As mentioned earlier, the most reliable data for these th
elements are the data forV0 andK0 at ambient conditions a
given in Table 1.

Temperature dependent data at ambient pressure
V0(T), K0(T), K08(T), a0(T), and Cp0(T) from the
literature37,42–46,55–57are then used, as discussed previous5

for the case of Cu, to derive estimates for the best values
their uncertainties forK08 , uD0 , g0 , and Gg0 for ambient
conditions. For a better fit of theCp0(T) data at lower tem-
peratures, the previous pseudo-Debye model for the pho
internal energyUph(t) and for the corresponding specifi
heat capacityCv(t) with the scaled temperaturet5T/uD

FIG. 17. APL scaling of the isothermal datapT derived from the Hugoniot
pressurepH as discussed in the text in comparison with various isothe
derived from the ultrasonic data~K0 and K08! by the use of different EOS
forms for Ag.

FIG. 18. APL scaling of the isothermal datapT derived from the Hugoniot
pressurepH as discussed in the text in comparison with various isothe
derived from the ultrasonic data~K0 and K08! by the use of different EOS
forms for Au.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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was modified by the inclusion of two additional Einste
terms with the Einstein temperaturesuEi5 f i•uD0 , with best
fitting values forf 1 and f 2 , and with the constraints on th
weightsg15g25.45 andgD512g12g250.1 in the quasi-
harmonic term

Cvqh53R•S gD•t3
•~4•a•gD

1/31t!/~a•gD
1/31t!4

1(
i

gi• f i
2/(2t•sinh(f i /(2t)))2D . ~22!

For the parametera, the low temperature value 0.372 wa
used in this case.7 An overall fit for Cp0(T) and the corre-
spondingGa0

52(d ln K0(T)/dT)/a0(T) with the additional
parameterAa for the explicit anharmonic contribution ha
been presented recently5 only for Cu; the results for Ag and
Au are similar. Therefore only the corresponding parame
values are given in Table 1.

For the evaluation of the zero point energy, the ‘‘averag
Debye temperatureuDav5uD0•8•(a•gD1( i f i•gi /6) is used
from the present second order modified Debye–Einstein
~MoDE2!, wherebyuD0 represents the low temperature lim
of the commonly use temperature dependent Debye temp
ture according to the literature data given in Table 1, a
uDav from the present evaluation is given for compariso
The parameter sets from Table 1, together with the integra
form of Eq.~22!, permit to derive from the room temperatu
data for Cu, Ag, and Au the best estimates for the sta
lattice pressurepsl(v)5pc(v)2pzp(v), whereby the pres-
sure due to zero point motion is given bypzp(v)5(9/8)R
•g•uDav and the corresponding values for the ‘‘averag
Debye temperatures are given in Table 1. With all the unc
tainties ing and pH(v), the best fits ofpsl(v) are given by
the previously discussed second order form AP2 Eq.~13!
with very small values forc2sl. The values for the~second-
ary! parametersVsl0,Ksl0,Ksl08 ,c2sl are shown in Table 3.

A comparison of experimental data with the fitted valu
for V0(T), K0(T), K08(T), andg0(T) corresponding to the

s

s

TABLE 3. Secondary parametersVsl0 , Ksl0 , Ksl08 , and C2sl for the static
lattice with estimated uncertainties.c2slÞ0 represents thereby the~small!
deviation from the simpler first order form AP1. Effective valuesK0 – 108 and
K0 – 1008 derived from fits of the best data for theTR isotherm over different
ranges in pressure by the use of effective AP2 forms are given for comp
son with theK08 values of Table 1.

Cu Ag Au

Vsl0 /nm3 0.011 613~1! 0.016 758~1! 0.016 736~1!
Ksl0 /GPa 146.4~7! 113.3~7! 183.6~7!

Ksl08 5.3~2! 5.9~3! 6.0~3!
c2sl 0.2~3! 0.8~4! 0.5~4!

K0 effective8 (T5300 K)

K0 0 – 20 GPa8 5.48~15! 6.30~15! 6.40~15!

K0 0 – 100 GPa8 5.45~15! 6.24~15! 6.34~15!
K0 0 – 600 GPa8 5.40~15! 6.17~15! 6.27~15!

K0 effective8 (T51500 K)

K0 0 – 600 GPa8 6.20~15! 7.38~15! 7.33~15!



f
de

ue
nc
y
,

-

a

f
n

ve
va
in
ie
er

an
es-

rms
re
ms

e
er-
the

vi-
sen-
ela-

-
en
ble
-

525525EQUATIONS OF STATE FOR CU, AG, AND AU
parameter sets of Tables 1 and 2 is given in Figs. 19–21
Cu, Ag, and Au, respectively. The special temperature
pendence ofg0(T) at low temperatures (t,1) is related to
differing mode Gru¨neisen parametersg i , which are repre-
sented by just one average Gru¨neisen parametergu in the
Mie–Grüneisen approach. However, due to the small val
of the thermal pressure at low temperatures, this differe
can be neglected within the present experimental accurac
EOS data. At higher temperatures (t.1), on the other hand
the best fit ofg0(T) is obtained with finite values for the
anharmonicity parameterdA in Eq. ~4!. To remain within the
Mie–Grüneisen approach,dA would have to be zero. How
ever, to represent the curves forV0(T), K0(T), K08(T) and
g0(T) within the given experimental uncertainties also
higher temperatures (t.1) finite values for dAÞ0 are
needed as shown in Table 1. The theoretical background
the fitted curves justifies then extrapolations to lower a
higher temperatures up to the corresponding melting cur
In fact, the residues between the experimental and fitted
ues forV0(T) amount to 200 ppm at the most, correspond
to pressure differences of less then 30 MPa near amb
pressure for temperatures below 1100 K. For Au this diff
ence increases at 1200 K to 500 ppm or 80 MPa.

FIG. 19. Comparison of experimental data forV0(T), K0(T), K08(T), and
g th 0(T) from the literature~see Refs. 36, 38, 39, 42–44, 55–57! with the
present best fits for Cu.
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At this point one should note that only one isotherm c
be represented precisely by the form AP2 if the thermal pr
sure is evaluated separately5 as given here by the MoDE2
model withg(v) ~using the parameters from Table 1!. Nev-
ertheless, the comparison for the 300 and 1500 K isothe
of Cu given in Fig. 22 illustrates that the differences a
significant only at high temperatures, when the AP2 for
use the ‘‘effective’’ parameter forK08(T) from Fig. 19 and
the ‘‘exact’’ EOS form is based on the AP2 form for th
static lattice with the parameters from Table 2 and the th
mal pressure evaluated within the MoDE2 model using
parameters from Table 1 withgsc(v) from Eq. ~19! and the
parametersvd , A, B, andDg` from Table 2.

Using this background, detailed comparisons with pre
ously published EOS data for the present high-pressure
sor materials are straightforward. Figure 23 presents the r
tive differences Dp/p of different literature
data23,58–65,67,68,70,71with respect to the present 300 K iso
therm of Cu. Similar comparisons for Ag and Au are giv
in Figs. 24 and 25, respectively, on the basis of the availa
literature data.23,46,58,61,65,66,72,73Figure 26 compares the dif
ferent literature data66,46,74and the effective AP2 form with
the present ‘‘exact’’ form for the 1500 K isotherm of Au.

FIG. 20. Comparison of experimental data forV0(T), K0(T), K08(T), and
g th 0(T) from the literature~see Refs. 36, 41–43, 45, 55–57! with the
present best fits for Ag.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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526526 HOLZAPFEL, HARTWIG, AND SIEVERS
6. Discussion of EOS Data for Cu, Ag,
and Au

When the best fitted AP2 forms for the 300 K isotherms
Cu, Ag, and Au are used as baselines for the relative dif

FIG. 21. Comparison of experimental data forV0(T), K0(T), K08(T), and
g th 0(T) from the literature~see Refs. 36, 38, 39, 42, 43, 45, 55–57! with the
present best fits for Au.

FIG. 22. Relative deviationsDp/p of best fitted AP2 isotherms for Cu at 30
K and 1500 K based on the ‘‘effective’’ valuesK08(T) for the range 0–600
K given in Table 3 with respect to ‘‘exact’’ isotherms based on an AP2 fo
for the static lattice pressure and the additional thermal pressure correc
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
f
r-

encesDp/p with respect to the experimental and theoretic
data~refer to Figs. 23–25, respectively!, one can notice sev
eral characteristic features:

~1! Most of the ‘‘experimental’’ data, representing in fa
‘‘reduced’’ shock wave data, show a positive curvature w
large positive deviationsDp/p at moderate pressures~below
10–80 GPa! and rather constant~negative! deviations at high
pressure. The positive deviations~larger pressures! for the
reduced shock wave data at moderate pressures can be t
back to the earlier observation that the~linear! extrapolation
of us–up shock wave data into the region below the Hug
niot elastic limit result, in most cases, in extrapolatedKH0

values, which are larger than the corresponding ultraso
values and therefore lead to positive deviations ofDp/p in
this region. Accordingly, theKH08 values are slightly smalle
than the ultrasonic values~see also Table 1! to give a better
fit of the us–up data with the erroneousKH0 value. This
effect is most pronounced for the AIP handbook data61 for
Cu and Au and less pronounced for the corresponding d
for Ag but again clearly visible for the later data65 in Fig. 24,

ns.

FIG. 23. Relative deviationsDp/p of different literature data~see Refs. 23,
61, 63–65, 68, 70! from the present AP2 form for the 300 K isotherm of C
Modifications of the present best fitpAP2 according to a possible error inK08
of 60.15 are indicated by two thin lines. Possible errors in the evaluatio
the shock wave data byg values, which are 10% too large or too small, a
given by the dash-dotted curves.

FIG. 24. Relative deviationsDp/p of different literature data~see Refs. 23,
58, 61, 65! from the present AP2 form for the 300 K isotherm of Ag
Modifications of the present best fitpAP2 according to a possible error inK08
of 60.15 are indicated by two thin lines. Possible errors in the evaluatio
the shock wave data byg values, which are 10% too large or too small, a
given by the dash-dotted curves.
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527527EQUATIONS OF STATE FOR CU, AG, AND AU
where the difference for the higher pressure data23 becomes
indeed very small.

Similarly, the difference with respect to the most rece
theoretical data68 for Cu in Fig. 23 becomes rather small
the 200–500 GPa range. The SESAME data70 on the other
hand show an almost constant 10% deviation in this pres
range.

For Au in Fig. 25, one can notice for the reduced sho
wave data23 at the highest pressure a large negative devia
but about the same positive deviation for the more rec
data73 based on modern total energy calculations. One
see also, that an earlier attempt66 to evaluate both ultrasoni
and shock wave data together lead primarily to a shift of
correspondingDp/p data to lower values with respect to th
original evaluation.61 A better fit with respect to the initia
KT0 value was obtained in this way, however, with rath
large deviations around 100 GPa.

~2! Whereas the uncertainty in the extrapolatedKH0 values
explains the deviations at low pressures, the uncertaintie
g(v) needed in the reduction of the shock wave data
explain most of the differences at higher pressures. A610%
uncertainty ing is illustrated in Figs. 23–25 by the dash
dotted lines representing the differences, which would
obtained from the same Hugoniot pressure data just by th
uncertainties in the thermal corrections. Since the fidu
valuesg f at higher pressures are estimated with typical
certainties of only 10%, one may conclude that the comp
son of the Hugoniot pressures with the more accurate u
sonic data at moderate pressures leads primarily
constraints ong(v) but not to very accurate values for th
isothermal pressures.

~3! Instead of this decoupling between the Hugoniot pr
sure datapH and the isothermal datapT , very often in the
past isothermal datapT had been used with the same kind
Slater form to couplepT to g(v). In this way, a self-
consistent procedure was used to evaluatepT from pH .
However, this procedure depends on the assumption that
gGS is the correct form and thus introduces an additio
uncertainty in the evaluation ofpT data.

FIG. 25. Relative deviationsDp/p of different literature data~see Refs. 23,
46, 61, 66, 73! from the present AP2 form for the 300 K isotherm of A
Modifications of the present best fitpAP2 according to a possible error inK08
of 60.15 are indicated by two thin lines. Possible errors in the evaluatio
the shock wave data byg values, which are 10% too large or too small, a
given by the dash-dotted curves.
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~4! With these uncertainties of the reduced shock wa
data in mind, one can see that the shock wave data pos
justify a reduction of the ‘‘best’’K08 value by 0.1 for Cu in
Fig. 23 and no modification for Ag in Fig. 24. For Au in Fig
25, there is the conflict between the reduced shock wave
and the theoretical data. The reduced shock wave data a
may justify a reduction ofK08 by up to 0.3 corresponding to
5%, but such a reduction would be in contrast to the ult
sonic data and more so with respect to the theoretical da73

~5! Similarly, one can notice in Fig. 26 differencesDp/p
of 118% at low pressures and210% at high pressure for th
1500 K isotherms of Au given in the literature46,66,74 with
respect to the present best fit based on an AP2 form for
static lattice and detailed modeling of the thermal pressu
The effective AP2 form for this 1500 K isotherm based
the same values ofV0(T) andK0(T), but with the adjusted
value forK08(T) given in Table 3, shows even larger devi
tions at moderate pressures~,50 GPa!, but minor deviations
in the range from 50 to 150 GPa. However, it is not cle
whether this improvement is significant or represents only
artifact.

~6! One may notice that the set of reduced shock wa
data,62 which was used to calibrate the ruby luminescen
line shift with x-ray diffraction on Cu and Ag, shows here
both cases a negative difference of about 2% at 50 GPa
respect to the present AP2 estimate. This is about the s
difference observed with different reference materials in la
calibrations of the ruby scale.71,75

~7! While the use of the form AP2, Eq.~13!, for the room
temperature isotherms for Cu, Ag, and Au with the ultraso
data for K0 and K08 is fully compatible with the reduced
shock wave data, both the Birch BE2 and the Vinet E
forms lead to divergences at strong compression, not onl
the isotherms but also in the forms forg based on the
Barton–Stacey form.

~8! The use of the complete thermodynamic model with
AP2 form for the static lattice pressure and a MoDE2~modi-
fied Debye Einstein! model for the lattice contribution in the
Mie–Grüneisen approximation with explicit anharmonic co
rections results in isothermspMG also for elevated tempera
tures up to the melting curves. It is noted, that all the
isotherms are also well represented by the AP2 form w

f

FIG. 26. Relative deviationsDp/p of different literature data~Refs. 46, 66,
74! from the present AP2 form for the 1500 K isotherm of Au.
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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TABLE 4. Secondary parameters for Cu, Ag, and Au for the calculation of isotherms with the effective AP2 form of Eq.~13!.

T/K

Cu Ag Au

V0(T)/nm3 K0(T)/GPa K08(T)0 – 600 GPa V0(T)/nm3 K0(T)/GPa K08(T)0 – 600 GPa V0(T)/nm3 K0(T)/GPa K08(T)0 – 600 GPa

0 0.011 696 4 142.31 5.31 0.016 843 9 110.85 6.00 0.016 790 5 180.93 6.08
10 0.011 696 4 142.31 5.31 0.016 843 9 110.85 6.00 0.016 790 6 180.93 6.08
50 0.011 698 4 142.05 5.31 0.016 851 2 110.31 6.01 0.016 798 4 179.94 6.09

100 0.011 712 0 140.73 5.32 0.016 881 5 108.68 6.03 0.016 823 8 177.51 6.11
150 0.011 733 5 138.99 5.34 0.016 921 0 106.83 6.05 0.016 855 0 174.86 6.13
200 0.011 758 9 137.10 5.36 0.016 964 4 104.91 6.08 0.016 888 5 172.16 6.15
250 0.011 786 3 135.17 5.38 0.017 009 9 102.96 6.12 0.016 923 2 169.43 6.17
300 0.011 815 0 133.20 5.40 0.017 057 0 101.00 6.15 0.016 959 0 166.70 6.20
350 0.011 844 8 131.21 5.42 0.017 105 5 99.03 6.19 0.016 995 6 163.96 6.23
400 0.011 875 5 129.21 5.45 0.017 155 3 97.05 6.22 0.017 032 9 161.21 6.25
450 0.011 906 9 127.20 5.47 0.017 206 3 95.07 6.26 0.017 071 0 158.46 6.28
500 0.011 939 1 125.18 5.50 0.017 258 5 93.07 6.30 0.017 109 8 155.70 6.31
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temperature dependent parametersV0(T), K0(T), and
K08(T), with systematic deviations of less than 0.25%
pressure in the case of Cu at room temperature and less
0.35% for Ag and Au at pressures below 100 GPa. The
ues forpMG are considered to be more reliable than the
fective AP2 forms and some of the differences illustrated
Fig. 26 for the semiempirical curve66 reflect just this differ-
ence between the presentpMG data and the effective AP2
forms.

~9! If the ultrasonic data forK0(T) are used in fits of
effective AP2 forms to the calculatedpMG data for the pres-
sure ranges from 0 to 20, 0 to 100, and 0 to 500 GPa,
spectively, one obtains the ‘‘effective’’K08(T) values of
Table 3 ~lines 7–9!, which indicate that any of the simpl
EOS forms for isotherms at finite temperatures give fits w
differing K08 ~and K0! values, depending on the range
pressures for the input data.

~10! For ~future! pressure measurements in the 500 G
range with the ambition to obtain an accuracy of better th
1% in pressure, the completepMG forms will have to be
used, especially at elevated temperatures. It would appe
be interesting now to compare the present EOS data for
Ag, and Au in x-ray measurements with hydrostatic media
an extendedp–T range up to the melting curves to obta
consistent EOS pairs for bothp andT measurement just by
the use of x-ray diffraction.76,77

~11! For a practical use of the present EOS data, Tab
provides the input data forV0(T), K0(T), andK08(T) for Cu,
Ag, and Au. Intermediate values can be produced with
cubic spline to also obtain the values for the representa
of any isotherm by an effective AP2 form, optimized for th
pressure range up to 500 GPa. For temperatures above
K, the accuracy of this approximation decreases as illustra
in Fig. 22. For the best accuracy at higher temperatures
complete Mie–Gru¨neisen representation of the isotherm
should be used with the parameters given in Tables 2 an
A website, www.EOSdata.de, is planned which allows one
calculatep5p(V,T) or V5V(p,T) for Cu, Ag and Au from
the present input data~as given in Table 1!.

The transfer of EOS data for solid phases of the eleme
J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001
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in digital form to this website would be gratefully acknow
edged with due reference to their origin to be used for
extension of this database.

7. References

1S. Eliezer, A. Ghatak, H. Hora, and E. Teller,An Introduction to Equa-
tions of State: Theory and Applications~Cambridge University Press
Cambridge, 1986!. @It should be noted that the form Eq.~6! for the Hugo-
niot pressure given in this paper on p. 210@Eq. ~15.52!# includes a mis-
print in its denominator, whereA must be replaced byB.#

2G. Falk,Physik—Zahl und Realita¨t ~Birkhäuser Verlag, Basel, 1990!.
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